Abstract Diffusion-weighted magnetic resonance imaging (dMRI) is widely used to study white and gray matter (GM) micro-organization and structural connectivity in the brain. Super-resolution track-density imaging (TDI) is an image reconstruction method for dMRI data, which is capable of providing spatial resolution beyond the acquired data, as well as novel and meaningful anatomical contrast that cannot be obtained with conventional reconstruction methods. TDI has been used to reveal anatomical features in human and animal brains. In this study, we used short track TDI (stTDI), a variation of TDI with enhanced contrast for GM structures, to reconstruct directionencoded color maps of fixed tree shrew brain. The results were compared with those obtained with the traditional diffusion tensor imaging (DTI) method. We demonstrated that fine microstructures in the tree shrew brain, such as Baillarger bands in the primary visual cortex and the longitudinal component of the mossy fibers within the hippocampal CA3 subfield, were observable with stTDI, but not with DTI reconstructions from the same dMRI data.
Introduction
Diffusion-weighted magnetic resonance imaging (dMRI) uses the diffusion of water molecules as an endogenous probe to characterize tissue microstructure [1] . Diffusion tensor imaging (DTI) is one of the most widely used dMRI techniques to characterize fiber orientation and integrity [2, 3] . DTI has been used extensively to study not only the white matter (WM) anatomy [4] [5] [6] , but also the microorganization of gray matter (GM) structures. For instance, DTI has been used to reveal the laminar organization of the hippocampal formation (Hipp) in humans [7] , rats [8] , and mice [9] , and to reveal the microstructure of human cortical areas [10, 11] .
More recently, a post-processing method for dMRI data, super-resolution track-density imaging (TDI), has been proposed, which is capable of providing spatial resolution beyond the acquired data, as well as novel and meaningful anatomical contrast that cannot be obtained with conventional MRI [12] [13] [14] . These are achieved by incorporating into image reconstruction the information of a large number of streamlines generated from probabilistic fibertracking across the whole brain [13, 14] . Short-track TDI (stTDI) is a variation of TDI, in which the contrast among GM structures is enhanced by constraining the length of the streamlines generated during fiber-tracking [13] . Previous studies have demonstrated that super-resolution stTDI can be used to delineate substructures within the human thalamus, brainstem, and cortex [10, [14] [15] [16] , and to characterize GM structures in mouse [12, 13, 17] , zebrafish [18] , and zebra finch [19] brains. The capability of superresolution TDI in detecting abnormal microanatomical fiber structures in the GM of human patients has also been demonstrated [20] [21] [22] .
Tree shrews are squirrel-like mammals, which have a closer relationship with primates than with rodents on the evolutionary tree [23, 24] . Tree shrews have a high brainto-body mass ratio [25] . Comparative studies have demonstrated that the neuroanatomy of this species shares many features with that of primates, and differs significantly from that of rodents [6, [26] [27] [28] . It has been proposed that tree shrews may be a better model animal than rodents, and an alternative/adjunct to non-human primates for studying human neurological/psychiatric diseases [29] . Tree shrew models of myopia [30, 31] , psychosocial stress/depression [32, 33] , senile diseases [34, 35] , Parkinson's disease [36] , and drug addiction [37] have been developed.
DTI has been used to study the WM anatomy of tree shrews [6] . It has been demonstrated that tree shrews possess a primitive primate-like WM configuration, especially in frontotemporal connections [6] . In addition, it has been shown that DTI contrast can be used to study the microstructural organization of certain GM structures in the tree shew brain, such as the visual cortex and superior colliculus [6] . In this study, we used super-resolution stTDI to further investigate the GM micro-organization in the tree shrew brain. We demonstrated that super-resolution stTDI can reveal meaningful fine anatomical features in the primary visual cortex (V1) and Hipp of tree shrew, which could not be identified unequivocally otherwise.
Materials and Methods

Brain Samples and dMRI Data Acquisition
All animal handling protocols were approved by the Institutional Animal Care Committee. The raw ex vivo dMRI data used for stTDI analysis were the same as those used in a previous DTI WM tractography study [6] . Briefly, two adult male tree shrews, weighing *120 g and 6 months old, were transcardially perfused first with 0.9% saline and subsequently with 4% paraformaldehyde (PFA). The brains were then extracted from the skull and stored in 4% PFA at 4°C until use. To acquire the dMRI data, the brains were rehydrated in 0.1 mol/L phosphate buffered saline (pH 7.4), which was freshly-prepared daily, at 4°C for 3 consecutive days. The rehydrated brains were then separately transferred into two plastic sample tubes filled with Fomblin YL VAC 06/6 oil (Y06/6 grade, Solvay, Italy), a perfluorocarbon which was used to limit tissue dehydration and minimize susceptibility to artifacts [38] . dMRI data were acquired on a 400 MHz (i.e., 9.4 T)/ 89 mm vertical-bore Bruker Biospin micro-imaging spectrometer using a 25 mm-diameter quadrature resonator for both radiofrequency transmission and signal reception. A three-dimensional (3D) diffusion-weighted spin-echo sequence was used for acquisition with repetition time 400 ms, echo time 23.5 ms, field of view 20 mm 9 20 mm 9 30 mm to cover the whole brain, matrix size 100 9 100 9 100, five b = 0 s/mm 2 images, 30 diffusion-weighted images with b = 5000 s/mm 2 , d 5 ms, D 13 ms, a gradient-encoding scheme of 30 directions homogenously distributed on a spherical surface, and 1 average. The total acquisition time was 38 h and 53 min per sample.
dMRI Data Processing
All dMRI image volumes were first corrected for eddy current distortion and possible drift using the Diffusion Toolbox in the FMRIB Software Library from the Oxford Centre for Functional MRI of the Brain (http://www.fmrib. ox.ac.uk/fsl/) [39] . Then, the diffusion tensor (DT) of each voxel was fitted with a multivariate linear fitting algorithm provided by the MRtrix software (http://www.brain.org.au/ software/) [40] , followed by generation of DTI parametric maps, including the apparent diffusion coefficient (ADC) map, fractional anisotropy (FA) map, and directionencoded color (DEC) map. The DEC-DTI map is a twodimensional visualization approach in which the image brightness of each pixel represents the FA value, and the color codes the orientation of the major eigenvector of the DT, which is assumed to represent the principal diffusion direction that coincides with the orientation of the fibers occupying this pixel [41] . A red-green-blue color encoding scheme for DEC-DTI was used [41] , with red representing medial-lateral; green representing dorsal-ventral, and blue representing rostral-caudal.
The pre-processed dMRI data for DTI analysis were subsequently used to reconstruct super-resolution track density maps with the MRtrix software. To overcome the well-known limitation of DT in modeling crossing fibers, the constrained spherical deconvolution (CSD) algorithm provided in the MRtrix package [42] was applied to model the intravoxel fiber orientation distribution (FOD) with a maximum harmonic order of 6. Probabilistic fiber-tracking [43] was then carried out to generate a large number of tracks within the whole brain for track density map reconstruction. The track number was selected according to the maximum track length used to avoid saturated DEC track density maps [13, 18] . All the other tracking parameters were optimized empirically (step size 0.01 mm-0.04 mm, maximum turning angle 25°-65°, FOD amplitude cutoff value 0.05-0.3, and maximum track length 1 mm-7 mm for short-track reconstruction). By visual inspection of the reconstructed track density maps, step size 0.02, maximum turning angle 45°, and FOD amplitude cutoff 0.1 were taken as the parameters of choice. A maximum track length of 4 mm was considered optimal for short-track reconstruction. Track numbers of 80 million and 8 million were used for short-track and longtrack (i.e., no constraint on track length) reconstruction respectively, corresponding to roughly 250 and 25 tracks per voxel. The TDI/stTDI versions of the DEC maps [13] were reconstructed at either the native resolution (the same as the source data) or an isotropic resolution of 40 lm (Fig. 1D-I ), corresponding to an about 190-fold reduction in voxel volume. For each pixel in the DEC-TDI and DECstTDI maps, the color and saturation corresponded to the averaged direction and the number of traversing streamlines, respectively [13] . The color encoding scheme for the DEC-TDI and DEC-stTDI maps were the same as that for the DEC-DTI maps.
Results
All dMRI results displayed in Figs. 1, 2, 3 and 4 are from the same fixed brain sample used previously to construct the tree shrew brain WM atlas [6] . Figure 1 shows the DEC-DTI, DEC-TDI, and DEC-stTDI maps of the tree shrew brain. These maps showed largely similar contrast for major WM structures, including the corpus callosum and anterior commissure. Because of the improved spatial resolution, depiction of the complex WM/GM configurations in the cerebellum and small WM structures such as the habenular commissure (Fig. 1E , H) was better in the super-resolution DEC-TDI and DEC-stTDI maps than in the corresponding DEC-DTI maps. The DEC-TDI and DEC-stTDI maps also showed enhanced contrast for the ventricular system, including the lateral ventricle (Fig. 1D , G), the third ventricle (Fig. 1D, G) , the dorsal third ventricle (Fig. 1D , E, G, H), and aqueduct ( Fig. 1E , F, H, I), for the lack of fiber-tracks originating from the cerebrospinal fluid [14] . With reduced track density dynamic range [13] , the DEC-stTDI maps showed enhanced contrast for neocortex, Hipp, and cerebellum ( Fig. 1D-F ) relative to the DEC-TDI maps ( Fig. 1G-I ).
Both the DEC-DTI maps and the super-resolution DECstTDI maps (Fig. 2 ), no matter coronal or sagittal, showed clear contrast between V1 and the secondary visual cortex (V2). The boundaries between V1 and V2 revealed by DTI/ stTDI were similar to those observed by histology [28, 44, 45] . V2 appeared as a homogeneous structure on these maps, presumably containing mainly radial fibers running along the ventral-dorsal axis. In comparison, the fiber configurations in V1 were more heterogeneous. The color coding on the DEC-DTI maps (Fig. 2C, F) indicated that the dorsal-most layer of V1 contained mainly radiallyoriented fibers; while the more ventral portion appeared to be abundant in tangentially-oriented fibers. The superresolution DEC-stTDI maps revealed a more definitive and better resolved laminar organization in V1 (Fig. 2B, E) . Four layers were identifiable by visual inspection, which, for convenience, are referred to as layers a-d below (Fig. 2B, E) . It should be emphasized that layers a-d were defined empirically and did not necessarily correspond to the histological nomenclature of cortical layers I-IV [28] . Layer c was seen only in V1, but not in V2 (Fig. 2B, E) . To better understand the fiber configurations in these empirically-defined layers, streamlines traversing the ROIs representing these layers were selected from the wholebrain tracking result and superimposed on the sagittal FA maps (Fig. 2G-J) . All four layers in V1 contained both well-aligned tangentially-oriented streamlines running in parallel with the brain surface and radial streamlines extending perpendicular to the brain surface. However, the percentages of tangential streamlines in layers a and c (61.3% and 70.9%, respectively) appeared to be much higher than those in the layers b and d (26.2% and 38.5%, respectively). The superficial layer in V2 had a streamline configuration similar to that in layer a of V1, while the rest of V2 was characterized by predominantly vertical streamlines mixed with a limited number of ill-aligned tangential streamlines (data not shown). Figure 3 shows the laminar organization of the tree shrew Hipp revealed by dMRI data. The hyperintense layers on the ADC maps (Fig. 3B, G) , with an averaged ADC of *3.2 9 10 -4 mm 2 /s, were considered to represent the granule cell layer (gcl) of the dentate gyrus and the stratum pyramidal layer (str pyr) of CA1 and CA3 [8, 9] . The centers of these layers were then traced manually (yellow solid lines in Fig. 3C -E, H-J), and used as landmarks to determine the identities of the other layers. Combining the FA and DEC-DTI contrasts, the stratum radiatum (str rad), molecular layer (mol), and hilar region (hil) of the dentate gyrus, stratum lacunosum-moleculare (str l-m), stratum oriens (str or), and alveus (Alv) could be assigned, taking into account prior knowledge of the microstructural organization of the rodent hippocampus (Fig. 4C ) [46] , the histology of the tree shrew Hipp [47] , and DTI contrasts in rodent and human Hipp [7] [8] [9] . The str rad was located along the medial side of the CA1 str pyr, while the mol was situated next to the gcl. Both the str rad and mol had a relatively high FA of *0.3, mainly containing fibers running in the medial-lateral direction. The str l-m was between the str rad and mol, but had a relatively lower FA than its neighbors and a distinct fiber orientation (Fig. 3C,  D, H, I ). Positioned side-by-side and having similar DEC-DTI contrasts (Fig. 3D, I ), the Alv and str or could be distinguished from each other by FA contrast (Fig. 3C, H) . A region at the distal end of CA1 str pyr in the transverse plane was considered to be the subiculum (subi, Fig. 3G ), which had a DEC-DTI contrast similar to the adjacent str pyr, but a relatively lower ADC and FA (Fig. 3G-I) . As indicated by the DEC-DTI contrast, the fibers in the hil and str l-m ran mainly in the rostral-caudal direction (blue in Fig. 3D, I ). The fiber orientations of different Hipp substructures could be appreciated more clearly on the DTI vector map and FODs map (Fig. 4A, B) .
The laminar organization of the tree shrew Hipp revealed by DEC-stTDI contrast was largely similar to that shown on the DTI maps. However, there were also evident differences between the two modalities. First, the track-density contrast did not correlate with the FA contrast in some Hipp substructures. For example, the str l-m showed a relatively lower FA, but a relatively higher track density than the neighboring mol and str rad, while the mol had a relatively higher FA, but a relatively lower track density than its neighbors (Fig. 3E, J) . Second, the fiber orientation revealed by the DEC-stTDI and DEC-DTI contrasts did not always agree with each other. For instance, the DEC-stTDI contrast indicated that the fibers in the subi extended roughly in the dorsal-ventral direction (viridescent in Fig. 3J ), while a largely medial-lateral orientation was suggested by the DEC-DTI contrast (Fig. 3I) . Finally, there were Hipp substructures that could be discerned unequivocally only on the stTDI maps, but not on the DTI maps, such as the region at the junction of str l-m and the hilus (white asterisk in Fig. 3J ). This structure showed no distinctive ADC, FA, or DEC-DTI contrast against the adjacent areas, but a stTDI contrast from the hil and str l-m was clear. The color coding on the stTDI map indicated that the fibers in this structure ran predominately in the dorsal-ventral orientation, as compared with a rostral-caudal orientation in the hil and str l-m (Fig. 3I, J) .
Discussion
In this study, super-resolution stTDI was used to study the microstructural organization of the V1 and Hipp of the tree shrew. These two anatomical structures in this species have Fig. 2 Laminar organization of tree shrew primary visual cortex (V1) revealed by stTDI. DEC-stDTI maps of a coronal slice and a sagittal slice are shown in A and D, respectively. The visual cortex areas covered by the white dashed rectangles in A and D are enlarged in B and E, along with the corresponding native-resolution DEC-DTI maps in C and F. A four-layer organization of V1 was discernible in B and E, which are labeled as layers a-d. Panels G-J show the streamline tracks passing through regions of interest in the four layers (white solid rectangles) selected from whole-brain fiber-tracking results. The backgrounds in these panels were fractional anisotropic maps corresponding to the regions in E and F. The color coding scheme of the streamline tracks is the same in the DEC-DTI and DEC-stTDI maps. V2 secondary visual cortex, WM white matter. Fig. 3 Laminar organization of tree shrew hippocampal formation (Hipp) revealed by DTI and stTDI. A, F Super-resolution DEC-stTDI maps of a coronal slice and a transverse slice at the level of the Hipp. The hippocampal areas (dashed white rectangles) are enlarged in E and J. Native-resolution apparent diffusion coefficient (ADC) (B, G), fractional anisotropic (FA) (C, H), and DEC-DTI (D, I) maps of the corresponding areas are also shown. Yellow solid lines in C-E and H-J were manually drawn according to the ADC contrast to show the location of the granule cell layer (gcl) of the dentate gyrus and the stratum pyramidale (str pyr) of CA1 and CA3. The white asterisk in J indicates a structure revealed by the stTDI reconstruction only. Alv alveus, Fi fimbria of hippocampal formation, gcl granule cell layer of the dentate gyrus, hil hilar region of the dentate gyrus, LV lateral ventricle, mol molecular layer of the dentate gyrus, OT optic tract, str l-m stratum lacunosum-moleculare, str or stratum oriens, str pyr stratum pyramidale, str rad stratum radiatum, subi subiculum. been attracting the most interest in neuroscience research [48, 49] . V1 and the Hipp are also the two brain regions in the tree shrew with abundant histological/cytoarchitectural data available [28, 47] ; these are crucial for understanding and interpreting the imaging data. With the high spatial resolution and unique anatomical contrast it offers, superresolution stTDI improved the visualization of certain fine anatomical features in these regions, features that could not be discerned otherwise.
DTI and stTDI of Tree Shrew V1
Histological studies have demonstrated that the neuronal fibers within V1 have an apparent laminar organization [28, [50] [51] [52] . For instance, the superficial layer and central Baillarger bands contain prominently tangentially-oriented fibers, while the other layers are dominated by radiallyoriented dendrites and co-ascending axons. The heavily myelinated outer band of Baillarger (the stria of Gennari) in human and monkey V1 can be observed by high resolution anatomical imaging [53] [54] [55] [56] . High angular and spatial resolution dMRI has also been used to study the 3D layer-specific fiber architecture within V1 in human [10, 11, 57] and mouse [17] . V1 in the tree shrew is more structurally heterogeneous and has a DEC-DTI contrast distinct from the lateral-lying V2 [6] . However, no clear laminar organization of V1 could be discerned on the DEC-DTI maps, probably due to limited spatial resolution of the source dMRI data and the well-known limitation of DTI in modeling complex fiber configurations, such as fiber crossing.
With the same raw data, the CSD tractography-based stTDI reconstruction revealed a clear 4-layered organization in V1, but not in the adjacent V2 in the tree shrew (Fig. 2B, E) . Previous stTDI studies have also observed the laminar organization of V1 in human and mouse [10, 17] . All four layers of the tree shrew V1 defined by the DECstTDI contrast contained both well-aligned tangential streamlines running parallel to the pial surface, and radial streamlines extending perpendicular to the pial surface (Fig. 2G-J) . However, the percentages of tangential streamlines appeared to be higher in layers a and c, relative to those in layers b and d, leading to the different DEC-stTDI contrast among them. A similar 4-layer streamline configuration has also been observed in human [46] , based on the silver staining method, is shown in C. The background images in A and B are fractional anisotropy maps. The color coding scheme in these maps are the same as that used for DEC-DTI maps. Alv alveus, CSD constrained spherical deconvolution, Fi fimbria of hippocampal formation, FODs fiber orientation distributions, gcl granule cell layer of dentate gyrus, hil hilar region of the dentate gyrus, M mossy fibers, mol molecular layer of the dentate gyrus, P performant pathway axons, S Schaffer collateral axons, str l-m stratum lacunosummoleculare; str luc stratum lucidum of CA3, str or stratum oriens, str pyr stratum pyramidale, str rad stratum radiatum, subi subiculum.
V1 with CSD-based tractography [57] . Given the dominant fiber orientation, the superficial layer a likely corresponds to the molecular layer I defined histologically [57] [58] [59] , while layer c corresponds to the Baillarger bands [28, 50] . This interpretation is consistent with the histological observation that molecular layer I is present, as well, in other cortical areas (e.g., in V2), while the Baillarger bands are present only in V1 in the tree shrew [28] . The radial streamlines in all these layers are in line with the apical dendrites of pyramidal neurons extending radially towards the pial surface [10, 50, 57] .
Visualization of the laminar organization in tree shew V1 by stTDI reconstruction depended on the spatial resolution of the raw dMRI data. With the lower-spatial resolution in vivo dMRI datasets [6] , we failed to observe the fine laminar organization of V1 on DEC-DTI and DECstTDI maps (data not shown).
DTI and stTDI of Tree Shrew Hipp
DTI has been used to characterize the microstructural organization of the Hipp in humans and rodents [7] [8] [9] . The DTI contrast of the tree shew Hipp in this study was largely similar to the results in these previous studies. It has been assumed that the gcl and str pyr layers have the highest ADC in the Hipp, due to the fact that they are rich in large and compact neuronal somata [8, 9] . Based on this assumption, we first identified the gcl and str pyr layers on the ADC maps of the tree shrew Hipp, and used them as landmarks to label the other substructures. All the other Hipp substructures appeared to have a relatively lower ADC, consistent with the fact that they are mainly composed of dendrites and axons [60] .
The str rad is composed mainly of large apical dendrites of pyramidal neurons, and similarly the mol layer contains mainly apical dendrites from the granule cells in the dentate gyrus. The DEC-DTI contrast and DTI principal eigenvector map suggested that the fibers in the str rad and mol run predominately perpendicular to the surface of the str pyr and gcl, respectively, agreeing well with the known fiber orientation in these structures [46, 47, 60] . Within the str l-m, there were both the terminals of the apical dendrites of the pyramidal neurons and axons in the performant pathway axons (P, Fig. 4C ) and Schaffer collaterals (S, Fig. 4C ) [46, 60] . The DEC-DTI contrast of the str l-m appeared to reflect mainly the fiber orientation of the P and S. Perhaps because the two sets of fiber components in the str l-m are roughly perpendicular to each other [46, 60] , it had lower FA than the str rad and mol. The str or also had two sets of orthogonally-oriented fibers: the pyramidal neuron basal dendrites and axons [46, 60] . It had a lower FA than the str rad and mol as well. The subi had a slightly lower ADC than the str pyr, as it consists of dispersed pyramidal neurons in tree shrew [47] . The dendrites of subi pyramidal neurons are also radially oriented, giving the structure a DEC-DTI contrast similar to the str rad. The Alv is a thin sheet-like WM fiber tract covering the lateral surface of the entire Hipp; this had a DEC-DTI contrast similar to, but a higher FA than the str or, likely due to the fact that it contains more well-aligned and compactly packed axons connecting the Hipp to the medial septal area, diagonal band, dorsal tenia tecta, and mammillary bodies [6] . The hil is enclosed between the blades of dentate gyrus [47, 60] . The fiber orientation in this region estimated by DTI appeared to mainly represent the horizontal portion of the mossy fibers (M, Fig. 4C ), which emerge from the basal portions of the dentate gyrus granule cells and course through the hil to enter the stratum lucidum (str luc) of CA3 at the same transverse level [46, 47, 60] . The FA and DEC-DTI contrasts among the laminar structures of the tree shrew Hipp from a lowerresolution in vivo data set [6] (data not shown) were similar to the ex vivo observations in the current study, except that the Alv and str or could not be separated due to limited spatial resolution.
Both TDI and stTDI have been used to characterize the laminar organization of the Hipp in mouse [13, 17, 61] . Consistent with the results in these previous studies, the Alv, str l-m, and hilar region appeared to have a relatively higher track density, while the str or, str pyr, and str rad, as well as the mol and gcl, appeared to have a relatively lower track density. Interestingly, the FA and track density seemed to correlate negatively among the fibrous layers of the Hipp, except for the Alv. The str rad and mol had a relatively high FA, but a relatively lower track density, and vice versa for the str l-m. The explanation for this likely lies in the fact that coherently oriented fibers extend for a longer distance within the str l-m than within the str rad and mol, while all are still shorter than the maximum track length used here [46, 47] ; thus the str l-m tended to be over-defined by whole-brain streamline reconstruction for a greater seeding volume [62] . The DEC-stTDI contrast also revealed novel fine anatomical features of the tree shrew Hipp, which could not be revealed by DTI. For example, the viridescent color coding on the DEC-stTDI map indicated that the streamlines in the subi extended mainly in the dorsal-ventral direction, which likely reflects the longitudinal association pathway within it [60] . Another fine anatomical feature of the tree shrew Hipp revealed by super-resolution stTDI is the region at the junction of the str l-m and hil (white asterisk in Fig. 3J) , in which the fibers ran predominately in the dorsal-ventral direction, perhaps representing the longitudinal component of the mossy fibers within the CA3 str luc [60] . Perhaps due to spatial resolution, the two novel anatomical features shown on the DEC-stTDI maps of fixed brain were not evident in the DEC-stTDI reconstruction of in vivo datasets [6] (data not shown).
Limitations
In this study, the DEC-stTDI maps were reconstructed from whole-brain fiber-tracking results. A large number of streamlines (80 million) were generated to boost the signalto-noise ratio (SNR) [63] . Using a large track number, however, was time-consuming. For example, it took *4 h to reconstruct the DEC-stTDI maps for a single brain on an 8-core 64 GB RAM Intel-Xeon workstation. In order to reduce the computation time while retaining a high SNR, the DEC-stTDI maps of particular structures of interest can be reconstructed by constraining fiber-tracking within the relevant ROI and at neighboring voxels (partial-brain fibertracking) [64] .
It has been suggested that, for human brain studies, a minimum of 45 diffusion weighted (DW) directions should be used to obtain optimized CSD FOD [65] . In the current study, we used only 30 DW directions such that the FODbased tracking may not have the best possible performance. However, in practice it would be too time-consuming to acquire DWI datasets with both high spatial resolution and high angular resolution. In previous studies, datasets with 30 DW directions have been used to reconstruct TDI/stTDI maps, and the results showed well-defined anatomical features which were not revealed by DTI reconstructions from the same raw datasets [10, 12, 13, 17, 18, 64] . Our results are consistent with these previous studies. Nevertheless, we acknowledge that acquiring datasets with higher angular resolution may result in improved FODbased tracking results and TDI/stTDI reconstructions, which could enable the visualization of even more subtle anatomical features.
The anatomical features of tree shrew V1 and Hipp revealed in this study were interpreted mainly by inference from previous dMRI studies and the micro-organization of their counterparts in humans and rodents. Although it is generally accepted that DTI and stTDI can provide meaningful anatomical information of the normal and abnormal brains [3, 8, 9, 12, 16, 20] , these fine anatomical features in the tree shrew demonstrated by DTI and stTDI should be further confirmed directly by histological methods, such as silver and Golgi staining, in future studies.
It has been proposed that TDI can be used to detect structural differences quantitatively using group comparisons [14] . Although some studies have used TDI maps as scalar maps to infer brain aberrances in patients, it should be borne in mind that the locally-optimal nature of streamline propagation, such as tracking algorithm, streamline seeding, orientation selection, and streamline stop criteria, can introduce biases into TDI maps [62, 66, 67] . The stTDI, as a variation of TDI, can be further affected by the selection of maximum track length. As a result, the track-density of stTDI as a fully quantitative parameter should be used with caution.
Conclusion
DTI models the local diffusion process of water molecules directly, and can provide fully quantitative parameters (e.g., FA) of tissue. In comparison, the stTDI is reconstructed from whole-brain fiber-tracking which takes neighborhood regions with coherent fiber orientation into account. Despite the limitation in quantification, the stTDI performs better than DTI in detecting subtle structures in GM. In the current study, our results showed that superresolution stTDI improved the visualization of certain fine anatomical features in V1 and the Hipp of the tree shrew, features that could not be discerned using DTI reconstructed from the same dMRI data. All the substructures revealed by DTI and/or stTDI can potentially be used as anatomical guides for future studies using tree shrew models of neurological/psychiatric diseases, particularly using dMRI-based methods.
